Introduction
Thyroid cancer (TC) is the most prevalent malignancy of endocrine organs with a rapidly increasing incidence in female in the past three decades. 1 Almost 64,300 new cases of TC were diagnosed in 2016, and it has been estimated that TC results in nearly 1,980 cancer-associated mortalities per year. 2 Papillary thyroid cancer (PTC) is the most common histopathological subtype of TC, accounting for approximately 90% of all TC cases. 3 Despite the advances in radiotherapy and surgical treatment, 10%-15% of PTC patients are prone to relapse and develop distant metastases, indicative of poor response to standard therapy and an unfavorable clinical outcome. 3 Thus, the molecular mechanisms underlying the tumorigenesis and progression of PTC are worthy of further investigation to develop a more effective therapeutic strategy.
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han et al miRNAs, a class of small endogenous noncoding RNAs (18-22 nucleotides) , can post-transcriptionally modulate gene expressions by pairing with the complementary sequences at 3′UTR of target gene mRNAs, leading to mRNA degradation and/or translational blockage. 4 miRNAs have been considered as a crucial regulator of various biological and pathological processes, such as cell proliferation, migration, invasion, apoptosis, and tumorigenesis. 5 miRNAs are identified as either oncogenes or tumor suppressors in different types of cancers. 6 Additionally, several studies reveal that dysregulation of miRNAs, such as miR-199a-3p, miR-21, and miR-217, is associated with TC pathogenesis and progression. [7] [8] [9] miR-218, an miRNA transcribed from two loci located on chromosome 4p15.31 (miR-218-1) and 5q35.1 (miR-218-2), is found to be downregulated in several cancers and associated with cell invasiveness. 10, 11 Many documents also demonstrate the anticancer functions of miR-218. 12, 13 A previous study reported that downregulation of miR-218-2 and its host gene SLIT3 promotes TC cell invasion, migration, and proliferation.
14 However, the regulatory mechanisms by which miR-218 exerts its biological functions in TC cells are still unclear.
Runx2, a member of Runx family, is a determinant regulator of differentiation of osteoblasts and formation of bone. 15 Aberrant expression of Runx2 is implicated in proliferation, apoptosis, and pathogenesis of several tumor cells. 16 Moreover, the oncogenic role of Runx2 in migration and invasion has been well documented in certain types of tumors. 17, 18 Notably, a previous study showed that miR-218 could directly target Runx2 to regulate cisplatin chemosensitivity of non-small-cell lung cancer. 19 However, whether miR-218 elicits its biological effects by modulating Runx2 in TC cells is undefined. PTEN, the upstream molecule of PI3K/AKT pathway, is a tumor suppressor that participates in cell growth, apoptosis, invasion, and migration. 20 It has been generally believed that the PTEN/PI3K/AKT signaling pathway plays an important role in cancer development and thus is an attractive target for molecular therapy. 21 In this study, the biological roles of miR-218 in PTC tumorigenesis were explored in vitro and in vivo.
Materials and methods
Patients and clinical tissue specimens
A total of 21 pairs of primary PTC tissues and matched adjacent normal tissues were obtained from PTC patients confirmed by pathological analysis at Chinese People's Liberation Army General Hospital (Beijing, China). Specimens were immediately snap-frozen in liquid nitrogen following surgery until RNA extraction. This study was approved by the Ethics Committee of Chinese People's Liberation Army General Hospital, and written informed consents were signed by all participants.
cell lines and cultures
Human PTC cell lines (TPC-1 and K-1) and human thyroid epithelial cell line Nthy-ori3-1 were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). All cells were maintained in DMEM (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% FBS (HyClone, Logan, UT, USA) and 100 U/mL penicillin/ streptomycin (Sigma-Aldrich, St Louis, MO, USA) at 37°C in a humidified incubator with 5% CO 2 .
cell transfection miR-218 mimics (miR-218-5p), miR-218 inhibitor, control miRNA (miR-control), pcDNA-Runx2, pcDNA empty vector (vector), siRNA against Runx2 (si-Runx2), and siRNA control (si-control) were all obtained from GenePharma Co., Ltd. (Shanghai, China). TPC-1 and K-1 cells at approximately 80% confluence were transfected with mimics, siRNAs, or plasmids using Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA, USA). At 48 hours posttransfection, cells were harvested and subjected to next analyses.
Quantitative real-time Pcr
Total RNA from tissues and cultured cells was extracted using Trizol reagent (Invitrogen) according to the manufacturer's instructions. For miR-218 expression analysis, miRNAs were reversely transcribed using the TaqMan MiRNA Reverse Transcript Kit (Thermo Fisher Scientific, Waltham, MA, USA). To determine the expression of Runx2 mRNA, total RNA was inversely transcribed to cDNA using Prime Script 1st Strand cDNA Synthesis Kit (TaKaRa, Kusatsu, Japan). Real-time PCR was performed by using SYBR Premix Ex Taq™ (TaKaRa) on an Applied Biosystems 7500 Sequence Detection System (Thermo Fisher Scientific). Relative expressions of miR-218 and Runx2 mRNA were determined using the 2 −ΔΔCt method, with U6 small nuclear or GAPDH as a normalization control. Primer sequences used for quantitative real-time PCR (qRT-PCR) were as follows: Runx2 forward, 5′-CCGCCTCAGTGATTTAGGGC-3′ and reverse, 5′-GGGTCTGTAATCTGACTCTGTCC-3′; miR-218 (miR-218-5 p) forward, 5′-TTGTGCTTGATCTAACCATGT-3′
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mir-218 overexpression suppresses tumorigenesis of papillary thyroid cancer and reverse, 5′-CAGTGCGTGTCGTGGAGT-3′; U6 forward, 5′-GCTTCGGCAGCACATATACTAAAAT-3′ and reverse, 5′-CGCTTCACGAATTTGCGTGTCAT-3′; GAPDH forward, 5′-TATGATGATATCAAGAG GGTAGT-3′ and reverse, 5′-TGTATCCAAACTCATTG TCATAC-3′.
Western blot assay
Tumor samples or cultured cells were washed three times with PBS and lysed in RIPA lysis buffer (Beyotime Biotechnology, Haimen, China) containing 1% protease inhibitors (Pierce, Rockford, IL, USA) for 30 minutes on ice. The protein concentration was quantified using a BCA protein assay kit (Thermo Fisher Scientific). Equal amounts of protein samples (30 µg) were separated on 10% SDS-PAGE, and then transferred onto polyvinylidene difluoride membranes (EMD Millipore, Billerica, MA, USA). After blocking with 5% nonfat milk, the membrane was incubated with primary antibodies against Runx2 (1:1,000), total AKT (t-AKT) (1:1,000), phosphorylated AKT (p-AKT) (1:500), PTEN (1:1,000), E-cadherin (1:1,000), N-cadherin (1:1,000), vimentin (1:1,000), mTOR (1:1,000), GSK-3β (1:500), or β-actin (1:2,000) (Abcam Inc., Cambridge, UK) overnight at 4°C. After incubation with the corresponding horseradish peroxidase-conjugated secondary antibody (Sigma-Aldrich) for 2 hours at room temperature, the blots were visualized using an enhanced chemiluminescence kit (Santa Cruz, Dallas, TX, USA).
cell viability assay
The cell viability was evaluated using cell counting kit-8 (CCK-8; Dojindo, Kumamoto, Japan). Briefly, the cells were maintained in 96-well plates at a density of 5,000 cells per well and transfected with indicated oligonucleotides or plasmids. At 48 hours post-transfection, the cells were incubated in DMEM containing 10 µL of CCK-8 solution at 37°C for 2 hours. The absorbance at 450 nm of each well was determined using a microplate reader (Molecular Devices, San Jose, CA, USA).
Flow cytometry analysis of apoptosis
The transfected cells were harvested by digestion with trypsinization and washed twice with cold PBS. Then, cells were stained with Annexin V-FITC Apoptosis Detection Kit I (BD, Franklin Lakes, NJ, USA) as previously reported. 22 Apoptotic cells were identified and analyzed using an FACScan flow cytometer (FACS Calibur; BD).
Transwell invasion assay
Cell invasion was examined using Matrigel Invasion Chambers (BD Biosciences, San Jose, CA, USA) with inserts containing an 8 µm pore-size membrane with Matrigel (BD Biosciences). The transfected cells ( 1×10 5 ) were seeded into the upper chamber with serum-free medium, and the lower chamber was filled with 600 µL DMEM with 10% FBS as a chemoattractant. After incubation for 24 hours, non-invading cells were scraped off from the top well. Cells that invaded to the lower surface of the chambers were fixed with methanol, stained with 0.1% crystal violet (Beyotime Biotechnology) for 5 minutes, and counted in five visual fields randomly under an inverted microscope.
luciferase reporter assay
The fragments of Runx2 mRNA 3′UTR containing the binding sites of miR-218 were amplified and cloned into the downstream of a luciferase reporter gene in the pmirGLO vector (Promega, Madison, WI, USA), namely pmirGLORunx2-3′UTR-WT. The mutant construct (pmirGLORunx2-3′UTR-MUT) that carried the mutant Runx2 3′UTR region was generated using the QuikChange ® site-directed mutagenesis kit (Stratagene, San Diego, CA, USA). Cells were cotransfected with 100 ng luciferase constructs, 20 ng Renilla luciferase control vector (pRL-TK), and 50 nM miR-218 or miR-control using Lipofectamine 2000 (Thermo Fisher Scientific). After 48 hours, the luciferase activity was detected using the dual-luciferase reporter assay system (Promega) and normalized to Renilla luciferase activity.
Xenograft tumor experiment
The animal procedures were conducted according to the protocols approved by the Institutional Animal Care and Use Committee of Chinese People's Liberation Army General Hospital. The whole experiment process was also carried out with approval of the Research Ethic Committee of Chinese People's Liberation Army General Hospital. Four-weekold male BALB/c athymic nude mice were purchased from the Model Animal Research Center of Nanjing University (Nanjing, China) and maintained under specific pathogenfree conditions. TPC-1 cells (5×10 6 ) transfected with lentiviral vectors encoding miR-218 or miR-control were subcutaneously injected to the right flank region of nude mice (six mice per group). When the tumor was visible, tumor volume was monitored every 5 days with vernier calipers using the formula: volume (mm 
statistical analysis
Experimental data were represented as mean ± SD and analyzed using SPSS 19.0 software (IBM, Armonk, NY, USA). Statistical comparisons were analyzed using Student's t-test and one-way ANOVA. Data were considered statistically significant at P-value less than 0.05.
Results
miR-218 was downregulated and runx2 was upregulated in PTc tissues
The expressions of miR-218 and Runx2 in PTC tissues and matched adjacent normal tissues were examined by qRT-PCR. As shown in Figure 1A and B, miR-218 expression was conspicuously reduced and Runx2 mRNA level was strikingly elevated in PTC tissues compared to adjacent noncancerous tissues. Interestingly, an inverse correlation between miR-218 and Runx2 mRNA expression was also observed in PTC tissues ( Figure 1C ).
miR-218 was downregulated and runx2 was upregulated in PTc cells
The expression levels of miR-218 and Runx2 in PTC cells were further confirmed by qRT-PCR and Western blot.
miR-218 expression was significantly lower in PTC cell lines (TPC-1 and K-1) than human thyroid epithelial cell line Nthy-ori3-1 (Figure 2A ). Runx2 expression was remarkably higher at both mRNA and protein levels in TPC-1 and K-1 cells than Nthy-ori3-1 cells (Figure 2B and C) . These results further indicated that miR-218 and Runx2 may be implicated in the development of PTC.
miR-218 overexpression suppressed cell viability, invasion, and induced apoptosis of PTc cells in vitro
To confirm the biological roles of miR-218 in PTC progression, K-1 and TPC-1 cells were transiently transfected with miR-218 mimic or miR-control. Subsequently, qRT-PCR, CCK-8, Transwell invasion assay, and flow cytometry analysis were performed at different time points. As illustrated in Figure 3A , a significant increase of miR-218 expression was observed in K-1 and TPC-1 cells following transfection of mi-218 mimic. The results of CCK-8 assay disclosed that ectopic expression of miR-218 led to a marked decrease of cell viability in both K-1 and TPC-1 cells compared with miR-control-transfected cells ( Figure 3B ). As compared with miR-control group, the invasive abilities were dramatically repressed in K-1 ( Figure 3C ) and TPC-1 ( Figure 3D ) cells after treatment with miR-218 mimic. Flow cytometry analysis indicated that miR-218 overexpression remarkably increased the apoptotic rates of K-1 ( Figure 3E ) and TPC-1 ( Figure 3F ) cells with respect to the control group. Collectively, these data demonstrated that miR-218 acted as a tumor suppressor in the development of PTC by inhibiting cell viability and invasion and inducing apoptosis in vitro.
miR-218 upregulation repressed epithelial-mesenchymal transition (eMT) of PTc cells
Accumulating evidence has demonstrated that EMT is a crucial biological process for metastasis and invasion of tumor cells derived from epithelial cells, accompanied by the decrease of E-cadherin and the increase of mesenchymal markers (N-cadherin and vimentin). 23 The expressions of EMT markers were determined to investigate the effect of miR-218 on EMT in PTC cells. Western blot analysis showed that the protein level of E-cadherin was significantly enhanced, while N-cadherin and vimentin levels were dramatically reduced in miR-218 mimic-transfected TPC-1 cells relative to miR-controltransfected cells (Figure 4) . In all, miR-218 overexpression suppressed EMT of PTC cells.
miR-218 directly targeted runx2 and regulated its expression in PTc cells
Since a previous study reported that miR-218 could directly target Runx2 in non-small-cell lung cancer, 19 the same mechanism was further explored in PTC cells. As shown in Figure 5A , a complementary sequence of miR-218 was presented within the 3′UTR of Runx2. Then, luciferase reporter vectors containing the wild-type or mutantbinding sites of miR-218 in Runx2 were constructed and cotransfected with miR-218 or miR-control into K-1 and TPC-1 cells. The results showed that cotransfection with miR-218 and wild-type Runx2 3′UTR dramatically inhibited luciferase activity, while no obvious differences were observed in luciferase expression of pmirGLO-Runx2-3′UTR-MUT between miR-218 and miR-control group in both K-1 and TPC-1 cells ( Figure 5B ). To confirm the Figure 5C ). Taken together, these data suggested that Runx2 was a direct target of miR-218. Figure 6B ). Flow cytometry analysis uncovered that miR-218-induced apoptosis of TPC-1 cells was remarkably attenuated by Runx2 upregulation ( Figure 6C ). Since PTEN/ PI3K/AKT pathway is proved as an important regulator of various biological processes in several tumors including TC, 24 the effect of miR-218 and Runx2 on the PTEN/PI3K/ AKT pathway was examined. The expression levels of p-AKT (Ser473), t-AKT, and PTEN were detected in TPC-1 cells transfected with si-Runx2, miR-218, miR-218+ pcDNARunx2, or matched controls by Western blot. As shown in Figure 6D and E, Runx2 knockdown or miR-218 overexpression effectively decreased the levels of p-AKT (Ser473) and promoted PTEN expression. Moreover, overexpression of Runx2 significantly abrogated the inhibitory effects of miR-218 on PTEN/PI3K/AKT pathway, suggesting that miR-218 overexpression blocked the PTEN/PI3K/AKT pathway by regulating Runx2. Taken together, these findings revealed that miR-218 exerted tumor-suppressive effect in PTC cells via inactivation of PTEN/PI3K/AKT pathway by modulating Runx2 in vitro.
miR-218 overexpression inhibited tumor growth in PTc partly through runx2/ PTen/Pi3K/aKT pathway in vivo
To explore the role of miR-218 in tumorigenesis of PTC in vivo, TPC-1 cells transfected with miR-218 or miRcontrol were injected into nude mice. Then, the mice body weight was monitored every 5 days and it was found that miR-218 overexpression had no obvious effect on the body weight of mice ( Figure 7A ). As presented by growth curves of tumors in Figure 7B , miR-218 upregulation significantly lowered tumor volumes compared to miR-control group. Also, a marked reduction of tumor weight was observed in miR-218-overexpressing group compared with miR-control group ( Figure 7C ). In addition, Runx2 expression at mRNA and protein levels in resected tumors was inhibited in Figure 7D and E) . Furthermore, transfection of miR-218 resulted in an obvious decrease in p-AKT (Ser473) expression and a prominent increase in PTEN expression, as compared to the control group ( Figure 7F) . Meanwhile, the expression levels of the downstream targets of PTEN/PI3K/ AKT pathway including mTOR and GSK-3β were evaluated by Western blot. The results revealed that ectopic expression of miR-218 evidently limited the phosphorylation of mTOR (p-mTOR) and GSK-3β (p-GSK-3β) ( Figure 7G ). All these data confirmed the tumor-suppressive function of miR-218 in PTC via Runx2/PTEN/PI3K/AKT in vivo.
Discussion
The oncogenic or tumor-suppressive roles of miRNAs have been well-documented in numerous human tumors, and great efforts have been made to better understand their regulatory mechanism. Accumulating evidence has indicated that miRNAs play essential roles in tumorigenesis of human TC due to their dysregulation. [25] [26] [27] [28] In this study, we found that miR-218 expression was downregulated in PTC tissue specimens and cell lines, in accordance with a previous study. 14 Functional analyses revealed that exogenous upregulation of miR-218 suppressed cell viability, invasion, and EMT, promoted apoptosis of PTC cells in vitro, and inhibited tumor growth in vivo, suggesting that miR-218 acted as a tumor suppressor in the development of PTC. The anticancer role of miR-218 was also elucidated in other types of tumors. For example, miR-218 overexpression was reported to inhibit proliferation and invasion of gastric cancer cells by regulating the expression of angiopoietin-2.
29 miR-218 inhibited tumor growth and increased chemosensitivity to cisplatin in prostate cancer via negatively regulating BCAT1 protein expression. 30 In glioma cells, miR-218 affected cell proliferation, apoptosis, and invasion by negatively modulating HMGB-mediated suppression of receptor for advanced glycation end products. 31 Runx2, a runt-related transcription factor, is a crucial regulator of normal bone development, homeostasis, and remodeling. 32 Upregulation of Runx2 expression has been largely reported in various cancers, such as prostate cancer, breast cancer, and TC. 33 It is well documented that Runx2 is involved in tumor formation, progression, and metastasis. For instance, Runx2 promoted the invasion and metastasis of human gastric cancer cells in vitro and in vivo by transcriptionally upregulating the chemokine receptor CXCR4. 34 The strong expression of Runx2 regulates proliferation, migration, and invasiveness of PTC cells by activating a panel of genes involved in matrix degradation and cellular invasion. 35 Recent studies reported that Runx2 was a target of several miRNAs, such as miR-446, 36 miR-221, 37 and miR-203, 38 and these miRNAs negatively regulated its expression and activity in different physiological or pathological conditions. In the present study, Runx2 expression was demonstrated to be upregulated in PTC tissues and cells, and negatively correlated with miR-218 expression in PTC tissues. Moreover, miR-218 could direct target Runx2 to inhibit its expression. More interestingly, Runx2 overexpression significantly reversed the effects of miR-218 on viability, invasion, and apoptosis, indicating that Runx2 may partly mediate the biological functions of miR-218 in PTC cells.
PTEN/PI3K/AKT pathway plays a central role in multiple cellular processes, such as cell proliferation, cell cycle, and survival, in different human cancers including TC. 39, 40 Additionally, a recent study revealed that Runx2 was important for the activation of the PI3K/AKT signaling pathway, 41 and Runx2 downregulation repressed the activation of PI3K/ AKT signaling pathway. 41, 42 Our study revealed that miR-218 upregulation reduced p-AKT expression (Ser4473) and elevated PTEN level, while Runx2 overexpression markedly abated these effects, indicating that miR-218 blocked the PTEN/PI3K/AKT pathway by targeting Runx2. Based on all these results, a novel molecular mechanism of miR-218 in regulation of PTC tumorigenesis was proposed (Figure 8 ). 
Conclusion
We first confirmed that miR-218 was downregulated and Runx2 was upregulated in human PTC tissues and cells. Furthermore, ectopic expression of miR-218 suppressed tumorigenesis of PTC via inactivation of PTEN/PI3K/ AKT pathway by targeting Runx2. Our study elucidated a novel molecular basis of miR-218 in PTC development and provided a promising therapeutic target for PTC.
